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The C o l l e c t i o n  o f  P o s i t i v e  I o n s  and E l e c t r o n s  by a 

I , Screened  Probe i n  t h e  Neon N e g a t i v e  Glow* 

I M . J .  V a s i l e t  and R.F. P o t t i e ,  

f a f i n e  wire g r i d  t h a t  was s p o t  welded t o  a 5 x 5 mm p l a t i n u m  frame 
h i c h  was mounted on  a Pyrex p l a t e .  A 1/8" c i r c u l a r  h o l e  i n  t h e  glass 
~ l a t e  d e f i n e d  t h e  c u r r e n t  r e a c h i n g  t h e  p l a t i n u m  c o l l e c t o r  ( . 0 1 0 "  t h i c k )  
iounted below i t .  A mica  i n s u l a t o r  s h i e l d e d  t h e  c o l l e c t o r  f rom t h e  
i s c h a r g e .  The g l a s s  p l a t e  was 1 mm t h i c k ,  a n d  t h e  g r i d  was a s t a i n l e s s  
$ t e e 1  mesh ( 0 . 0 0 1 ' '  d i a m e t e r  w i r e s )  w i t h  a n  o p t i c a l  t r a n s p a r e n c y  of 4 2 % .  
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D i v i s i o n  o f  Appl ied  Chemis t ry ,  
N a t i o n a l  R e s e a r c h  C o u n c i l ,  

Ot tawa,  Canada. 

i 
I INTRODUCTION I 

3' The c o l l e c t i o n  o f  i o n s  and  e l e c t r o n s  by small  p r o b e s  p l a c e d  
i i t h i n  t h e  plasma o f  a gas d i s c h a r g e  h a s  r e c e i v e d  c o n s i d e r a b l e  
t t e n t i o n  o v e r  t h e  p a s t  f o u r  d e c a d e s .  A m a j o r  advance  i n  measurement 

?echnique was r e p o r t e d  by Boyd' i n  1950 w i t h  t h e  i n t r o d u c t i o n  of a 
' m a l l  s c r e e n e d  f l a t  p r o b e .  
. e p a r a t e  t h e  c o l l e c t e d  c u r r e n t s  i n t o  t h e  i o n  and e l e c t r o n  components.  
?s a r e s u l t  i t  became p o s s i b l e  t o  measure  t h e i r  c o n c e n t r a t i o n s  
, e p a r a t e l y  and t o  e x t e n d  t h e  r a n g e  o f  measured e l e c t r o n  v e l o c i t i e s  t o  
Ieyond t h e  i o n i z a t i o n  p o t e n t i a l  of t h e  d i s c h a r g e d  gas w i t h  no i n t e r -  
' e r ence  from p o s i t i v e  i o n  c u r r e n t .  The method was e x t e n d e d  by Boyd 
\nd co-workers2 and by P r i n g l e  and F a r v i s 3  t o  t h e  measurement of i o n s  
nd e l e c t r o n s  i n  b o t h  t h e  p o s i t i v e  column and  n e g a t i v e  g low i n  v a r i o u s  
!as,, . 
Ise has  been made of  t h i s  t e c h n i q u e  by o t h e r  workers  i n  t h e  f i e l d .  

i P r e v i o u s  work i n  t h i s  l a b ~ r a t o r y ~ , ~  had e s t a b l i s h e d  t h e  
i s e f u l n e s s  of  a mass s p e c t r o m e t e r  t o  o b t a i n  r e l a t i v e  i o n  c o n c e n t r a t i o n s  
in  t h e  v a r i o u s  r e g i o n s  o f  g low d i s c h a r g e s .  The work r e p o r t e d  h e r e  i s  
in e x t e n s i o n  o f  t h e s e  e a r l i e r  s t u d i e s  and r e p r e s e n t s  a n  a t t e m p t  t o  
l a )  measure t h e  a b s o l u t e  c o n c e n t r a t i o n s  o f  i o n s  and e l e c t r o n s  i n  
con junc t ion  w i t h  t h e  mass s p e c t r o m e t r i c  s t u d i e s  and  ( b )  t o  d e t e r m i n e  
;he e l e c t r o n  ene rgy  d i s t r i b u t i o n s ,  p a r t i c u l a r l y  i n  t h e  n e g a t i v e  glow 
;o ass i s t  i n  t h e  i n t e r p r e t a t i o n  of p r o c e s s e s  t h a t  r e s u l t  i n  t h e  
q roduc t ion  o f  i o n s .  

The new t e c h n i q u e  made i t  p o s s i b l e  t o  

D e s p i t e  t h e  a p p a r e n t  s u c c e s s  o f  t hese  s t u d i e s ,  l i t t l e  o r  no 

I 

1. Appara tus  

EXPERIMENTAL 
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The Pyrex ‘ d i s c h a r g e  t u b e 5 6 a s  50 c m  long  and 5 . 5  cm i n  
d i a m e t e r .  The e l e c t r o d e s  were p o l i s h e d  s t a i n l e s s  s t e e l  d i s c s ,  5 cm 
i n  d i a m e t e r  and t h e  c a t h o d e  cou ld  be moved m a g n e t i c a l l y  ove r  a 
d i s t a n c e  of  30 cm. The e n t i r e  d i s c h a r g e  t u b e ,  i n c l u d i n g  side-arms, . 
cou ld  be baked t o  g r e a t e r  t h a n  35OoC. Metal be l lows  v a l v e s  were used  
f o r  a l l  openings  i n t o  t h e  d i s c h a r g e  t u b e  and t h e  normal  background 
p r e s s u r e  o f  2 x T o r r  was a c h i e v e d  w i t h  a s i l i c o n e  o i l  d i f f u s i o n  
P U P  * 

The g a s e s  were of assayed  r e s e a r c h  g r a d e  and p k r i o d i c  checks 
were made f o r  i m p u r i t i e s  by mass s p e c t r o m e t r y .  The o p e r a t i n g  gas  was 
a d m i t t e d  t o  t h e  d i s c h a r g e  t u b e  v i a  a G r a n v i l l e - P h i l l i p s  v a r i a b l e  l e a k  
v a l v e ,  t h e  p r e s s u r e  be ing  measured w i t h  a Decker diaphragm gauge.  A 
small f low was m a i n t a i n e d  th rough  t h e  d i s c h a r g e  t u b e  d u r i n g  o p e r a t i o n s  
by means o f  a n e e d l e  v a l v e  t o  t h e  pumps. The e x i t  p r e s s u r e  was abou t  

T o r r .  P r e l i m i n a r y  d i s c h a r g e s  o f  a b o u t  one hour  d u r a t i o n  were 
a lways  c a r r i e d  o u t  b e f o r e  measurements  were t a k e n .  The t u b e  was t h e n  
evacua ted  and a f r e s h  g a s  sample was admitted for t h e  expe r imen t .  

I 

,‘ 
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,A 

A l l  r e s u l t s  r e p o r t e d  here were t a k e n  w i t h  a g a s  p r e s s u r e  of  
0 .28  T o r r  and a d i s c h a r g e  c u r r e n t  of  0 .250 ma. 

A schemat ic  d iagram of t h e  d i s c h a r g e  t u b e  and e l e c t r i c a l  t 
c i r c u i t  i s  g i v e n  i n  F i g .  1. The p o t e n t i a l s  o f  t h e  g r i d  and c o l l e c t o r  
r e l a t i v e  t o  t h e  grounded anode cou ld  be c o n t r o l l e d  i n d e p e n d e n t l y  so  
t h a t  e i t h e r  one cou ld  be p o s i t i v e  o r  n e g a t i v e  w i t h  r e s p e c t  t o  t h e  anode. 
The c o l l e c t o r  c u r r e n t  p a s s i n g  t h r o u g h  p r e c i s i o n  r e s i s t o r s  (0.05%) was 
measured w i t h  a 1 megohm impedance n a n o v o l t m e t e r  which was i s o l a t e d  from 
ground.  The minimum d e t e c t a b l e  c u r r e n t  was 1 O ‘ l o A .  The p o t e n t i a l  o f  

d i g i t a l  v o l t m e t e r  was u s e d  f o r  measurement of t h e  g r i d  p o t e n t i a l .  Gr id  
a n d - d i s c h a r g e  c u r r e n t s  were m o n i t o r e d  by d c  m i c r o m e t e r s .  Discharge  
power’was p rov ided  by a commercial  d c  power s u p p l y .  

B.  R e s u l t s  

1 
. t h e  c o l l e c t o r  was measured  w i t h  a vacuum t u b e  v o l t m e t e r ,  whi le  a 

1 

! 
(1) C o l l e c t i o n  o f  low ene rgy  e l e c t r o n s .  F i g .  2 ( a )  i s  a t y p i c a l  semi- 

l o n a r i t h m i c  p l o t  o f  t h e  e l e c t r o n  c u r r e n t ,  showing two s t r a i g h t  l i n e  
segments  f o r -  t h e  t h e r m a l  and secondary  e l e c t r o n s  r e s p e c t i v e l y .  
s p a c e  p o t e n t i a l  was o b t a i n e d  from e x t r a p o l a t i o n  o f  t h e  s a t u r a t i o n  
c u r r e n t  t o  t h e  r i s i n g  p o r t i o n  o f  t h e  c u r v e .  The  g a s  was p u r e  neon and 
the  p robe  was n e a r  t h e  p o s i t i o n  o f  maximum e l e c t c o n  i n t e n s i t y  i n  t h e  
n e g a t i v e  glow. The e l e c t r o n  t e m p e r a t u r e s  o f  t h e  MaxwellIan d i s t r i b u t i o n s  
were 0.271 and 3.67 eV f o r  t h e  t h e r m a l  and secondary  e l e c t r o n s ,  and 
t h e i r  c o n c e n t r a t i o n s  were 158 x 10’ 3 /m3  and 2 .9  x 10’ 3/m3 r e s p e c t i v e l y ,  
assuming c o l l e c t i o n  o f  the  random c u r r e n t  a t  t h e  s p a c e  p o t e n t i a 1 6 s 7 .  
The small e l e c t r o n  r e s i d u a l  c u r r e n t  t h a t  was a lways  o b s e r v e d  a t  h ighe r  
r e t a r d a t i o n  p o t e n t i a l s  was s u b t r a c t e d  from t h e  t o t a l  e l e c t r o n  c u r r e n t s .  
The c o l l e c t o r  p o t e n t i a l  was +7O V w i t h  r e s p e c t  t o  t h e  anode .  

The I 

1 2)  C o l l e c t i o n  o f  p o s i t i v e  i o n s .  The c o l l e c t o r  p o t e n t i a l  was 
maiAta ined  a t  -70 V and t h e  g r i d  v o l t a g e  was v a r i e d  from -70 V t o  W e l l  
above t h e  space  p o t e n t i a l  f o r  t h e  c o l l e c t i o n  of p o s i t i v e  i o n s .  
method o f  c a l c u l a t i o n  of  t h e  random p o s i t i v e  i o n  c u r r e n t  d i f f e r e d  
somewhat f r o m  p r e v i o u s  a p p r o a c h e s  and i s  g i v e n  b r i e f l y  below. We 
assume t h a t  p o s i t i v e  i o n s  are a c c e l e r a t e d  from t h e  sheath t o  t h e  g r i d  
and are f u r t h e r  a c c e l e r a t e d  by t h e  f u l l  p o t e n t i a l  between t h e  COlleCtor 

~ and t h e  g r i d .  The c u r r e n t  r ises u n t i l  a l l  t h e  random I o n  c u r r e n t  
a r r i v i n g  a t  t h e  sheath edge  has  been  c o l l e c t e d .  F u r t h e r  c o l l e c t i o n  of 
I o n  c u r r e n t  i s  t h e  r e s u l t  o f  s h e a t h  expans ion ,  edge  e f f e c t s  and 
p o t e n t i a l  p e n e t r a t i o n  o f  the  sheath. I f  w e  treat t h e  ion c u r r e n t s  

The 
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below t h e  s a t u r a t i o n  l i m i t  we f i n d 5 9  

i n  which n i s  t h e  random i o n  d e n s i t y ,  q’ t h e  e l e c t r o n i c  c h a r g e  
and Vf t h e P v e l o c i t y  of t h e  i o n s  a r r i v i n g  a t  t h e  c o l l e c t o r .  
g i v e n  b y :  

T h i s  i s  

( 2 )  

i n  which Vo i s  t h e  i n i t i a l  i o n  v e l o c i t y  and Vacc i s  t h e  p o t e n t i a l  
d i f f e r e n c e  between t h e  plasma and t h e  c o l l e c t o r .  Thus: 

( 3 )  

T h e r e f o r e ,  a p l o t  of i+ v e r s u s  V a c c 1 / 2  shou ld  y i e l d  a s t r a i g h t  l i n e  
whose s l o p e  i s  + np q(?)’’2 . 

The p o s i t i v e  i o n  c u r r e n t s ,  p l o t t e d  i n  t h i s  manner always y i e l d e d  a 
s t r a i g h t  l i n e  t o  a b r e a k  p o i n t  which was assumed t o  be  t h e  s a t u r a t i o n  
l i m i t .  A p l o t  of t h i s  t y p e  i s  shown i n  F i g .  2 ( b ) ;  t h e  small r e s i d u a l  
i o n  c u r r e n t  has  been s u b t r a c t e d  from t h e  e x p e r i m e n t a l  p o i n t s .  From 
t h i s  s l o p e  we c a l c u l a t e  np = 1 4 5  x 1 0 1 3 / m 3  i n  good agreement  w i t h  t h e  
e l e c t r o n  c o n c e n t r a t i o n  o f  F i g .  2 ( a )  f o r  t h e  same p robe  p o s i t i o n .  

( 3 )  A x i a l  v a r i a t i o n  o f  i o n s  and low ene rgy  e l e c t r o n s .  The observed 
i o n  and e l e c t r o n  c o n c e n t r a t i o n s  as a f u n c t i o n  o f  a x i a l  d i s t a n c e  from 
t h e  c a t h o d e  a r e  g i v e n  i n  F i g .  3 f o r  t h e  p robe  f a c i n g  t h e  anode.  There 
i s  a s l i g h t  d i sp l acemen t  between t h e  maxima f o r  t h e  two d i s t r i b u t i o n s  
and t h i s  m a y  r e f l e c t  a s l i g h t  p e n e t r a t i o n  of t h e  f i e l d  from t h e  c a t h o d e  
d a r k  s p a c e .  However t h e  r e s u l t s  show t h a t  a t r u e  plasma is  p r e s e n t  i n  
t h e  n e g a t i v e  glow, s i n c e  t o  a gbod a p p r o x i m a t i o n  ne = np. 
e l e c t r o n  c u r r e n t  was r e l a t i v e l y  i n s e n s i t i v e  t o  p o s i t i o n  o f  t h e  p robe  
and gave a n  a v e r a g e  c o n c e n t r a t i o n  of  3 ? 1 x 1 0  3 / m 3  w i t h  e l e c t r o n  
t e m p e r a t u r e s  i n  t h e  r a n g e  of  3 .5  - 4 . 0  e V .  The r i s i n g  p o r t i o n  o f  t h e  
secondary  e l e c t r o n  c u r v e  marks t h e  anode edge o f  t h e  n e g a t i v e  glow. A t  
t h i s  p o i n t  t h e  e l e c t r i c  f i e l d  b e g i n s  t o  a c c e l e r a t e  t h e r m a l  e l e c t r o n s  
t o  t h e  secondary e l e c t r o n  v e l o c i t i e s .  F o r  example a t  d = 7 . 2  cm, t h e  
s e c o n d a r i e s  accoun t  f o r  a l m o s t  50% of  t h e  t o t a l  e l e c t r o n  c u r r e n t .  

The secondary 

( 4 )  R e s i d u a l  e l e c t r o n  c u r r e n t .  Sma l l  r e s i d u a l  e l e c t r o n  c u r r e n t s  
were obse rved  , f o r  a l l  p robe  p o s i t i o n s  and o r i e n t a t i o n s .  These a r e  
summarized i n  F i g .  4 f o r  p u r e  neon. These minimum c u r r e n t s  were 
c c n s t a n t  f o r  a r a n g e  of  -35 t o  -50 V i n  g r i d  p o t e n t i a l .  For g r i d  
v o l t a g e s  i n  e x c e s s  of  -50 V t h e r e  was a g r a d u a l  r i s e  i n  t h e  c u r r e n t ,  
presumably a s  a r e s u l t  o f  g r i d  e m i s s i o n  by t h e  bombardment o f  p o s i t i v e  
i o n s .  We f i n d  i n  F i g .  4 t h a t  t h e  r e s i d u a l  c u r r e n t  d e c r e a s e s  
e x p o n e n t i a l l y  th roughou t  t h e  n e g a t i v e  glow w i t h  i n c r e a s i n g  d i s t a n c e  
from t h e  ca thode  f o r  b o t h  o r i e n t a t i o n s  of  t h e  p robe  s u r f a c e .  Add i t ion -  
a l l y ,  t h e r e  i s  a r e d u c t i o n  by a lmos t  a f a c t o r  of  5 f o r  t h e  p robe  
f a c i n g  t h e  anode v e r s u s  c a t h o d e  p o s i t i o n .  
v a r i a t i o n  i n  t h e  r e s i d u a l  c u r r e n t  as  a f u n c t i o n  o f  r a d i a l  p o s i t i o n  from 
t h e  c e n t e r  t o  a p o i n t  on ly  0 . 6  cm from t h e  w a l l .  The c u r r e n t  i n c r e a s e s  
s lowly  w i t h  a x i a l  d i s t a n c e  i n  t h e  Faraday d a r k  s p a c e  ( d  > 5 cm) and 
r e a c h e s  a p l a t e a u  i n  t h e  p o s i t i v e  column. 

We have a l s o  obse rved  no 
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The e f f e c t  o f  a d d i n g  O.O* xenon t o  neon is s e e n  i n  F i g .  5. 

The r e s i d u a l  c u r r e n t  d r o p s  and t h e r e  i s  a s t e e p e r  s l o p e  t o  t h e  exponent t i  
p a r t  o f  t h e  c u r v e .  I n  a d d i t i o n  a smaller i n c r e a s e  is observed i n  the  
Fa raday  da rk  s p a c e .  

( 5 )  Energy d i s t r i b u t i o n  o f  secondary e l e c t r o n s .  From F i g .  2 ( a )  w e  
s e e  tha t  t h e  e n e r g y  d i s t r i b u t i o n  o f  secondary e l e c t r o n s  i s  e s s e n t i a l l y  
Maxwell ian a t  t h e  i n d i c a t e d  p o s i t i o n  o f  t h e  p robe .  However, a s  t h e  
a x i a l  d i s t a n c e  is i n c r e a s e d  we f i n d  a s u c c e s s i v e l y  g r e a t e r  l o s s  of  
e l e c t r o n s  whose e n e r g i e s  exceed a b o u t  1 0  eV, a l t h o u g h  t h d  d i s t r i b u t i o n  
is n o t  r a d i c a l l y  a l t e r e d  from Maxwellian.  The a d d i t i o n  o f  0 . 0 7 %  xenon 
r e s u l t s  i n  a lmos t  c o m p l e t e  d e p l e t i o n  o f  e l e c t r o n s  above 1 2  e V  and t h e r e  \ I  
a r e  c o n s i d e r a b l e  d e f i c i e n c i e s  beg inn ing  o n l y  5 e V  above t h e  s p a c e  
p o t e n t i a l .  

, 

), 

t 

The d a t a  a r e  summarized i n  F i g .  6 .  The d i s t r i b u t i o n  cu rves  

1 f o r  t h e  m i x t u r e  were c a l c u l a t e d  from t h e  e x p e r i m e n t a l  measurements 
a c c o r d i n g  t o  t h e  method of  Medicus8, and comparison p l o t s  o f  t h e  i d e a l  
Maxwell ian d i s t r i b u t i o n  are g i v e n .  The two Curves i n  each  c a s e  were 
no rma l i zed  t o  t h o s e  r e g i o n s  a l o n g  t h e  p o t e n t i a l  a x i s  which gave  a I 

s t r a i g h t  l i n e  on t h e  s e m i - l o g a r i t h m i c  p l o t .  The f l u c t u a t i o n s  i n  t h e  
c u r v e s  f o r  t h e  m i x t u r e  were r e p r o d u c i b l e  and are s i m i l a r  i n  appearance ‘I 

t o  t h e  s t r u c t u r a l  f e a t u r e s  t h a t  were observed by Twiddyg i n  t h e  ca thode  
r e g i o n  o f  r a r e  g a s  d i s c h a r g e s .  I t  i s  a p p a r e n t  t h a t  xenon e f f e c t i v e l y  
r e d u c e s  t h e  h i g h e r  e n e r g y  secondary  e l e c t r o n s ,  even a t  0.07% concen- 
t r a t i o n .  
e l e c t r o n s  i n  t h e  p o s i t i v e  column of  a n  argon-neon m i x t u r e .  

( 6 )  R e s i d u a l  p o s i t i v e  i o n  c u r r e n t .  The r a t i o  of  r e s i d u a l  c u r r e n t s  
f o r  i e  m i d i +  min was 5:1 w i t h  t h e  p robe  f a c i n g  t h e  c a t h o d e  and about 
1O:l w i t h  t h e  p r o b e  f a c i n g  t h e  anode .  These r a t i o s  were c o n s t a n t  f o r  
a l l  a x i a l  p o s i t i o n s  of  t h e  p robe  i n  t h e  n e g a t i v e  glow and i n  t h e  Faraday 
dark s p a c e .  The r a t i o s  for t h e  0 .07% xenon-neon m i x t u r e  were t h e  same 
as f o r  pu re  neon. 

Twiddy’O h a s  shown t h a t  t h e r e  is a s imilar  loss o f  e n e r g e t i c  1 

DISCUSSION 

S i n c e  t h e  p r o d u c t i o n  o f  i o n s  and low ene rgy  e l e c t r o n s  i n  
t h e  n e g a t i v e  glow i s  governed l a r g e l y  by t h e  rate o f  a r r i v a l  of high 
e n e r g y  e l e c t r o n s  from t h e  c a t h o d e  d a r k  s p a c e  i t  i s  o b v i o u s  t h a t  t h e  
d i r e c t  o b s e r v a t i o n  o f  t h e s e  h i g h  ene rgy  e l e c t r o n s  o f f e r s  a n  impor t an t  
method f o r  i n t e r p r e t i n g  t h e  p r o c e s s e s  o f  i o n i z a t i o n  i n  t h e  n e g a t i v e  
glow. A p o s s i b l e  means o f  making such  a measurement is t o  c o n s i d e r  t h e  
n e g a t i v e  r e s i d u a l  c u r r e n t s  c o l l e c t e d  by t h e  s c r e e n e d  p robe  when i t  faces 
t h e  c a t h o d e .  These  c u r r e n t s  c o u l d  a r i s e  from s e v e r a l  p r o c e s s e s :  

( a )  D i r e c t  c o l l e c t i o n  of h i g h  ene rgy  e l e c t r o n s .  
( b )  Gr id  e m i s s i o n  by h i g h  ene rgy  e l e c t r o n s .  
( c )  Grid e m i s s i o n  by bombardment o f  p o s i t i v e  i o n s .  
( d )  Grid e m i s s i o n  by m e t a s t a b l e  atom impac t .  
( e )  Grid e m i s s i o n  by pho ton  impac t .  

R o t a t i o n  of  the p robe  t o  f a c e  t h e  anode caused  a 2/3  r e d y c t i o 4  
i n  t h e - r e s i d u a l  c u r r e n t .  One would n o t  e) tpect  p r o c e s s e s  ( c ) ,  ( d ) ,  and 
( e )  t o  depend marked ly  on  probe o r i e n t a t i o n  so  t h a t  t h e s e  p r o c e s s e s  1 
p r o b a b l y  accoun t  f o r  l ess  t h a n  1/3 of  t h e  t o t a l  r e s i d u a l  n e g a t i v e  
C u r r e n t  when t h e  p r o b e  faces t h e  c a t h o d e .  S i n c e  ne i the r -  t h e  p o s i t i v e  ‘1 
i o n  d e n s i t y  n o r  t h e  v i s i b l e  pho ton  i n t e n s i t y  d e c a y s  e x p o n e n t i a l l y ,  
P r o c e s s e s  ( c )  and ( e )  are  s i m i l a r l y  r e j e c t e d  as a major  s o u r c e  of c u r r e d  
f o r  t h e  anode o r i e n t a t i o n .  We conc lude  t h a t  t h e  ma jo r  c a u s e s  of t h e  
n e g a t i v e  r e s i d u a l  c u r r e n t  in t h e  n e g a t i v e  glow are  p r o c e s s e s  ( a )  and ( b )  i 
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(a )  pure neon, d = 2 .3  cm(b) mixture .07$ 
Xenon i n  neon, d = 2.2 cm(c) mixture,  d = 3.0 cm. 
Probe f ac ing  anode. 
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for t h e  probe  f a c i n g  t h e  c a t h o d e .  We Cannot d i s t i n g u i s h  between ( a )  
and ( b ) ,  n o r  i s  i t  p o s s i b l e  t o  c a l c u l a t e  t h e  d e n s i t y  o f  such  h igh  
ene rgy  e l e c t r o n s  w i t h o u t  knowledge of  t h e i r  v e l o c i t i e s .  

n e g a t i v e  glow o f  p u r e  neon ( F i g .  4 )  can  be w r i t t e n  as:  
The obse rved  e x p o n e n t i a l  d e c r e a s e  i n  i e  min th rough  t h e  

id = io exp(-a  n (d -do) )  
I 

( 4 )  
I 

i( 
i n  w h i c h  io i s  t h e  r e s i d u a l  c u r r e n t  a t  do  cm from t h e  ca thode ,  d i s  
t h e  d i s t a n c e  of  t h e  p robe  s u r f a c e  from do and n i s  t h e  c o n c e n t r a t i o n  
of neon atoms p e r  u n i t  volume. Thus a has t h e  d imens ions  of  cm2 and 
i s  a n  e x p e r i m e n t a l  c r o s s  s e c t i o n  f o r  loss of h i g h  ene rgy  e l e c t r o n s ,  a s  
a f i r s t  approx ima t ion .  From t h e  s l o p e  o f  t h e  e x p o n e n t i a l  c u r v e  i n  
F i g .  4 we c a l c u l a t e  t h a t  a = 8 . 7  x cm2. T h i s  is a r e a s o n a b l e  
v a l u e  s i n c e  t h e  c r o s s  s e c t i o n  f o r  i o n i z a t i o n  of  n e o n l l  by 1 0 0  e V  
e l e c t r o n s  i s  7.58 x cm2. 

1 

The a d d i t i o n  o f  0 . 0 7 %  xenon b r i n g s  abou t  a 30% r e d u c t i o n  i n  I 

t h e  n e g a t i v e  r e s i d u a l  c u r r e n t  and t h e  e x p o n e n t i a l  s l o p e  i n c r e a s e s  so 

f o r  by assuming t h a t  t h e  o n l y  a d d i t i o n a l  l o s s  i s  t h a t  a r  s i n g  from t h e  
i o n i z a t i o n  of  xenon.  A t  a c o n c e n t r a t i o n  o f  o n l y  7 x atom %, t h i s  
would i m p l y  a c r o s s  s e c t i o n  f o r  i o n i z a t i o n  of  xenon e q u a l  t o  228 x 10-'6 , 
cm2 - abou t  a f a c t o r  o f  40  h i g h e r  t h a n  t h e  known o f  x e n o n l l  f o r  1 0 0  e V  
e l e c t r o n s .  A more r e a s o n a b l e  i n f e r e n c e  i s  that  t h e  loss of  neon meta- 

t h a t  t h e  e x p e r i m e n t a l  a = 1 . 0 3  x cm2. T h i s  canno t  b e  accounted  / 

s t ab le s  by t h e  Penning  r e a c t i o n :  

N e * ( 3 P 2 , 0 )  + Xe * X e +  + N e  + e- ( 5 )  

i s  r e s p o n s i b l e  f o r  t h e  l o w e r  v a l u e s  of i e  min, and t h a t  t h e  change i n  
s l o p e  more n e a r l y  r e f l e c t s  t h e  a c t u a l  s t o p p i n g  power o f  neon f o r  h igh  
ene rgy  e l e c t r o n s .  S i n c e  e x c i t a t i o n  as w e l l  as  i o n i z a t i o n  can  r e s u l t  
from impact  of a h i g h  e n e r g y  e l e c t r o n ,  a c r o s s  s e c t i o n  o f  t h e  o r d e r  of 
1 x cm2 i s  of t h e  e x p e c t e d  magni tude  f o r  a n  e l e c t r o n  of  approx- 
i m a t e l y  1 0 0  eV. 

It would be e x p e c t e d  t h a t  t h e  a d d i t i o n  of  a small amount of 
xenon would not  s i g n i f i c a n t l y  change  e i t h e r  t h e  c a t h o d e  f a l l  o r  t h e  
number o f  d i r e c t e d  h i g h  ene rgy  e l e c t r o n s  p a s s i n g  i n t o  t h e  n e g a t i v e  
g low.  Thus,  i f  one  assumes  t h a t  t h e  r e d u c t i o n  i n  t h e  r e s i d u a l  e l e c t r o n  
c u r r e n t  i s  caused  by r e a c t i o n  ( 5 )  i t  i s  p o s s i b l e  t o  o b t a i n  a n  approx- 
imate v a l u e  f o r  t h e  C o n c e n t r a t i o n  o f  metastables i n  t h e  beg inn ing  of 
t h e  n e g a t i v e  glow.  

t h e  r e s i d u a l  c u r r e n t  i s  0 . 0 2  V A .  If t h e  neon metastables have thermal  
v e l o c i t i e s ,  and i f  one  c o n s i d e r s  a r e a s o n a b l e  y i e l d  o f  a b o u t  0 .03  f o r  
t h e  g r i d  e m i s s i o n  ( g e o m e t r i c  f a c t o r  x e f f i c i e n c y ) ,  t h e n  a minimum 
c o n c e n t r a t i o n  o f  1 x 10i3 /m3 is o b t a i n e d  for t h e  metastables. It i s  
t h e n  p o s s i b l e  t o  c a l c u l a t e  t h e  r e a c t i v e  c o l l i s i o n  f r equency  between 
Ne* and  X e  by assuming t h e  same c r o s s  s e c t i o n  f o r  d e a c t i v a t i o n  as 
S h o l e t t e  and M u s c h l i t z 1 2  observed  f o r  t h e  He* - Xe Penning r e a c t i o n ,  
namely 1 2  x cm2. T h i s  r e s u l t s  i n  a c a l c u l a t e d  l i f e t i m e  f o r  t h e  
neon metastables of  0 . 5  m s e c .  T h i s  I s  somewhat s h o r t e r  t h a n  t h e  
l i f e t i m e  o f  0 .875 m s e c  measured by B l e v i s  e t  a1.13 f o r  t h e  decay of 
N e ( 3 P 2 )  i n  p u r e  neon. 
metas tab le  neon atoms i n  t h e  r e q u i r e d  t ime and  t h a t  o u r  ass ignment  of 
t h e  Penning  r e a c t i o n  i s  r e a s o n a b l y  j u s t i f i e d  as a ma jo r  c o n t r i b u t i n g  

R e f e r r i n g  t o  F i g .  4 ,  f o r  d = 2 cm, - A i ,  t h e  r e d u c t i o n  i n  

We conc lude  t h a t  xenon can  i n t e r c e p t  t h e  
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' cause  of t h e  r e d u c t i o n  i n  t h e  r e s i d u a l  n e g a t i v e  c u r r e n t .  S i m i l a r  

argUmentS c a n  be used  t o  accoun t  f o r  t h e . d e c r e a s e  i n  t h e  r e s i d u a l  
c u r r e n t  when t h e  probe  f a c e s  t h e  anode .  The e f f e c t  i s  even  more ' marked i n  t h i s  c a s e ,  p a r t i c u l a r l y  a t  t h e  beg inn ing  of t h e  p o s i t i v e  
column. 

The t r e a t m e n t  o f  t h e  p o s i t i v e  i o n  r e s i d u a l  c u r r e n t  i s  no t  ' as s t r a i g h t f o r w a r d ,  s i n c e  t h e r e  a r i s e s  t h e  a d d i t i o n a l  c o m p l i c a t i o n  
7 ,of e l e c t r o n  impact  i o n i z a t i o n  i n  t h e  s p a c e  between t h e  g r i h  and t h e  

i ' t h e  c u r r e n t  w i t h  t h e  p robe  f a c i n g  t h e  ca thode  by t h i s  p r o c e s s ,  b u t  
{ t h e  r ema inde r  can  b e  a combina t ion  of s econdary  e m i s s i o n  from t h e  
? c o l l e c t o r  by pho tons ,  by m e t a s t a b l e  a toms and by e n e r g e t i c  e l e c t r o n s .  ' The v e r y  small c u r r e n t s  observed  f o r  t h e  p robe  f a c i n g  t h e  anode s u g g e s t  

t h a t  t h e  r e l e a s e  o f  e l e c t r o n s  by m e t a s t a b l e  impact  i s  much less t h a n  9 would be  expec ted  f o r  t h e  m e t a s t a b l e  d e n s i t y  o b t a i n e d  above .  Apparent ly  i t h e  impact  of m e t a s t a b l e s  w i t h  t h e  p l a t i n u m  s u r f a c e  produces  secondary  
e l e c t r o n s  w i t h  a much lower  e f f i c i e n c y  t h a n  d o e s  t h e  s t a i n l e s s  steel  1 g r i d .  The r e a s o n  i s  n o t  c l e a r ,  b u t  a c o n t r i b u t i n g  c a u s e  may be  due t o  
t h e  h i g h e r  work f u n c t i o n  o f  p l a t i n u m .  

\ 

c o l l e c t o r .  To a rough approx ima t ion  we can  accoun t  f o r  abou t  60% of 
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